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Introduction
The accumulation and survival of chronic lymphocytic leukemia (CLL) cells is strikingly dependent on signaling from activated cell surface receptors. 1, 2 This applies especially to the B-cell receptor (BCR) where antigen-dependent and -independent activity has been linked to disease development. 1, [3] [4] [5] For example, retained anti-IgM signaling capacity is associated with progressive disease, 6 and kinase inhibitors (KI) targeted against BCR signaling pathways (especially the Bruton's tyrosine kinase (BTK) inhibitor ibrutinib) can induce impressive clinical responses in patients with CLL or some subtypes of non-Hodgkin's lymphoma. [7] [8] [9] In addition to disease pathogenesis, altered signaling influences response to therapy. This is clearest in the context of acquired resistance to ibrutinib which is commonly associated with mutations of BTK itself or one of its downstream effectors, phospholipase Cg2 (PLCg2), where mutations within either result in production of proteins which retain activity but bind ibrutinib less avidly, or are hyper-responsive to upstream activating pathways, respectively. 10, 11 Kinase activation and inhibition in primary CLL cells has generally been analyzed by examining kinase-substrate phosphorylation using phospho-specific antibodies to identify modified amino-acids. While such an approach can provide important insight, interpretation of results can be challenging. For example, the activity of many kinases is influenced by multiple phosphorylation events which can be activating or inhibiting. Where phosphorylation at multiple sites on an individual kinase is detected, it can be difficult to determine whether these are on the same molecule, or whether subpopulations of kinases with distinct patterns of phosphorylation (and hence activity) co-exist. Upstream kinase activity can be inferred from patterns of substrate phosphorylation, but redundancy amongst kinases (where several kinases may be able to modify an individual phospho-acceptor site) limits the utility of this approach. Finally, changes in phosphorylation will reflect changes not only in kinase activity, but also their counteracting phosphatases.
Kinobeads provide a powerful new tool to probe kinase function. [12] [13] [14] [15] In this approach cell lysates are incubated with beads coated with broad-specificity type 1 KI, allowing binding of a large proportion of the expressed kinome. Bound kinases can then be profiled using mass-spectrometry (MS) or analyzed directly using immunoblotting. Kinobead-MS technology was initially deployed to determine the specificity profiles of KI, since binding of KI to target kinases prevents their subsequent capture by the kinobeads. 16 However, kinase capture can also be influenced by changes in the abundance of the kinases and, in particular, active site conformation. Many kinases exist in an auto-inhibited form and their activation requires conformational change. For example, BTK adopts multiple conformations allowing graded activation following cell stimulation, 17 and ERK activation requires a MEK-dependent switch to an active conformation. 18 Taking these considerations into account, kinobead technology has been used more recently to probe kinase activation in response to cell stimulation and, in particular, to reveal adaptive "rewiring" of kinase networks following exposure to KI that can lead to. 12, 19 Here, we have developed the kinobead approach for analysis of malignant B-cells and used it for the first time to characterize signaling in primary CLL. We show kinobeads can be used to assess active site occupancy by kinase inhibitors, including in ibrutinibtreated patients.
Materials and Methods

Cells
Primary cells from patients diagnosed with CLL according to iwCLL-2008 criteria were donated by patients attending clinics at Royal Liverpool and Broadgreen Hospitals NHS Trust following informed consent according to the Declaration of Helsinki. Samples were provided as heparinized whole blood from which peripheral blood mononuclear cells (PBMC) were isolated using Lymphoprep (Axis Shield, Oslo, Norway) and cryopreserved as previously described. 20 Alternatively, primary cells from patients recruited to the ARCTIC/AdMIRe (ISRCTN16544962)and IcICLLe (ISRCTN12695354)clinical trials were obtained from the UK CLL Clinical Trials BioBank (Liverpool, United Kingdom). In all cases, cells were recovered as outlined before, 20 counted and diluted to 1x10 7 /ml using pre-warmed complete medium (RPMI1640+Glutamax (Gibco) supplemented with 10% (v/v) fetal calf serum (FCS) and 1% (v/v) Pen/Strep). The B-CLL-derived cell line MEC-1 was cultured in complete medium. Cell line identity was confirmed using STR analysis (Powerplex 16 System, Promega) and absence of mycoplasma was confirmed using Mycoplasma PCR detection kit (Applied Biological Materials).
Characterization of primary CLL cells
Cells from non-trial patients underwent cell surface phenotyping using anti-CD19/APC, anti-CD5/PerCP Cy5.5 (both Biolegend, Cambridge, U.K.), anti-IgM/PE (Dako, Ely, U.K.) and appropriate isotype control antibodies, and using an Attune NXT flow cytometer (Thermo Fisher Scientific, Loughborough, U.K.). Signaling capacity was determined by measuring the proportion of malignant cells that were able to flux intracellular calcium (iCa 2+ ) following treatment with F(ab')2 anti-IgM, as described previously 21 using a FACS Calibur (BD Biosciences, Oxford, U.K.). All flow cytometry data was analyzed using FlowJo (TreeStar, Oregon, USA).
Treatments
Primary CLL samples were treated with 20 µg/ml anti-IgM or control F(ab')2 (Southern Biotech, Cambridge Biosciences, U.K.) for 5 minutes at 37 o C/5% CO2. MEC-1 cells were pre-treated for 1 hour with 500nM ibrutinib or dasatinib prior to protein lysis.
Kinome analysis
Isolation and detection of kinase proteins was performed using a kinobead-based protocol similar to that described previously, 12 , while kinase mRNA expression was screened using Nanostring. Detailed descriptions of kinome analysis are outlined in Supplementary Methods.
Measurement of stimulation induced proliferation of CLL cells.
Proliferation of primary CLL cells in response to stimulation was performed using a co-culture system using HS-5 bone marrow stromal cells. The day prior to beginning assays, HS-5 underwent irradiation using 3Gy for 25 minutes to inhibit stromal cell proliferation, however retaining their ability to support CLL cells. These were subsequently plated at 5 x10 5 cells/well and incubated at 37 o C/5%CO2 overnight. The following day, CLL cells were recovered as outlined above prior to labelling with Cell Trace CFSE (Thermo) in accordance with the manufacturer's protocol. Labelled CLL cells were subsequently plated onto HS-5 cells at 1 x10 6 /well and incubated for 20 minutes prior to stimulation with 7.5µg/ml CpG-ODN-2006 or DMSO to represent unstimulated control. Co-cultures were incubated for 7 days, at which point CLL cells were carefully recovered, washed using flow buffer and then stained with anti-CD19/APC and anti-CD5/PerCP Cy5.5 for 15 minutes on ice in darkness. Cells were washed and resuspended in flow buffer before analysis using an Attune NXT flow cytometer. Population of decreasing CFSE staining, therefore showing proliferation of CLL cells were measured in live, singlet populations, gated on for dual expression of CD19 and CD5.
Immunoblotting
For direct analysis, cells were lysed using radioimmunoprecipitation assay (RIPA) buffer whereas for kinobead analysis, elutions from kinobeads were mixed with and equal volume of 2x loading buffer prior to SDS-PAGE. Immunoblotting was performed using anti-phospho-ERK-1/2 (Y202/T204), anti-ERK, anti-phospho-AKT (S473), anti-AKT, anti-phospho-SYK (Y525/526), anti-SYK, anti-BTK (Y223) or anti-BTK (all Cell Signaling Technologies, Hitchin, U.K.). Anti-actin (Sigma) or anti-HSC-70 (Insight Biotechnology) antibodies were used as loading controls. Bound primary antibodies were detected using species-specific fluorophore-conjugated secondary antibodies (LiCOR) and imaged using a LiCOR Odyssey CLx instrument, or HRPconjugated secondary antibodies (Dako) with the ChemiDoc-It imaging system (BioRad) and VisionWorks software.
Data sharing
All kinases detected by Nanostring and kinobead-MS are listed in Supplementary List 1 with the online version of this article. For data values, please contact alinley@liverpool.ac.uk.
RESULTS
Validation of kinobeads for the analysis of malignant B cells
We first examined the ability of kinobeads bearing different broad-specificity KI to capture kinases using the MEC-1 cell line. MEC-1 cells were derived from a CLL patient undergoing prolymphocytoid transformation 22 and were selected because they have readily detectable levels of constitutively active kinases, including ERK1/2 and AKT (Supplemental Figure 1A) . A schematic workflow for a typical experiment is shown in Figure 1A . Three separate experiments were performed.
We found that the most effective kinobeads for kinase capture were those bearing Ki-NET (CTx-0294885). These isolated up to 132 kinases in total (i.e., identified in at least one of the experiments performed), with a core set of 107 kinases being detected in all three experiments (Figure 1B, C) . Captured kinases included representatives from all kinase sub-families and well-characterized BCR signalosome components, including LYN, SYK and BTK ( Figure 1C) . By contrast, kinobeads bearing bisindolylmaleimide-X (Bis-X), dianillopyrimidine, purvalanol-B, pp58 or VI16832 captured substantially fewer kinases ( Figure 1B) . Each kinobead also captured various non-kinases and, in some instances, the number of non-kinase targets captured substantially outweighed the number of kinases (e.g. purvalanol-B). Identified non-kinases may reflect direct capture of non-kinase targets or indirect capture of kinase-associated proteins. Importantly, ~70% of the unique kinases identified using any of the 6 kinobeads were captured using Ki-NET only (Supplementary Figure 1B) and we therefore focused on Ki-NET kinobeads for further studies.
We used Ki-NET kinobeads to investigate the effects of two tyrosine KI on the core set of 107 kinases captured from MEC-1 cells (Figure 1C ). Ibrutinib and dasatinib are considered primarily as inhibitors of BTK and ABL, respectively, although both drugs have numerous additional kinase targets, some of which are shared. 23 Analysis was performed after 60 minutes of drug exposure; a time point at which we would not expect to observe substantial changes in the steady state expression of kinases. Thus, changes in kinase capture are likely to reflect both direct target engagement (thereby blocking kinobead binding) and secondary effects on downstream kinases.
The most striking effects of ibrutinib and dasatinib on kinase capture were observed within the TK and TK-like (TKL) families and appeared to be due to occupancy of direct targets ( Figure 1C) . Thus, BTK capture was reduced by >99% in cells treated with ibrutinib ( Figure 1C, D) . BTK capture was also essentially ablated in cells exposed to dasatinib ( Figure 1C) , which is also known to inhibit BTK. 24 Other kinases with substantially reduced capture in drug treated cells included LCK, FYN, LYN, FGR, SRC, CSK, TEC, BLK and RIPK2, which are all known to be directly inhibited by both ibrutinib and dasatinib. 23, 25, 26 We also observed more modest reductions in capture of a number of other kinases including ERK1 and 2, PKCb and IKKb ( Figure 1D ) which are not known as direct targets of ibrutinib/dasatinib but are likely to be modulated as a response to upstream effects. Reduced capture of MEK1 and MEK2 was consistent with the observed reduction of phosphorylation of the MEK1/2 substrates ERK1/2 detected by immunoblotting ( Supplementary Figure 1) . Thus, kinobeads reveal both the direct occupancy of kinase active site by drug, as well as indirect modulation of active site availability of non-target kinases.
Kinobead analysis of primary CLL cells
Having validated our approach to profile the kinome of B-cells, we next performed Ki-NET kinobead analysis of primary samples from a cohort of 32 CLL patients. Profiling was performed using cells treated either with control antibody or with anti-IgM to allow us comparison between the "basal" kinobead signature in the absence of exogenous stimulation and that in response to sIgM stimulation respectively. Analysis was performed at 5 minutes following addition of anti-IgM (or control antibody) since previous analyses showed that this was suitable time point for analysis of both proximal (e.g. LYN, SYK) and distal (e.g. ERK1/2) signaling responses in CLL cells. To avoid artefacts associated with extended cell manipulations we did not purify malignant cells before stimulation/analysis. In all cases, cell viability was ³90%. In the first instance, we sought to determine if the kinome fingerprint discovered with MEC-1 the existence of could be replicated in primary CLL B-cells. Through this, we were able to recognize a signature of 104 kinases captured by the Ki-NET beads in both control and IgM-stimulated. As expected, there was considerable overlap between the kinases captured from MEC-1 and primary cells. For example, 74% of these 104 kinases were also detected in the MEC-1 cells.
To further probe the performance of kinobead analysis, we compared the spectrum of kinases identified using kinobeads with expression of the kinome at the RNA level detected using nCounter XT HuV2 Kinase arrays (Nanostring). RNA analysis detected 397 of the 535 possible kinases and pseudokinases coded by the human genome ( Supplementary Figure 2A) . Coverage of the major kinase subfamilies was largely similar between analytical techniques and kinobeads appeared to be able to capture kinases over a wide expression range, at least as determined by RNA analysis.
Although capture of some kinases was relatively consistent across all samples, others were more variably detected. As such, it was possible to determine a wider signature of 104 kinases within at least 50% of the cohort, while a more refined, core fingerprint of 37 kinases was recognized across at least 75% of patients. To the best of our knowledge, this represents the most comprehensive signaling profile of primary CLL cells. Consistent with the known heterogeneity of sIgM signaling capacity in CLL cells, 3, 27 with substantial variation in the response to anti-IgM between samples analyzed using kinobeads (Figure 2) . Some samples showed relatively few changes in kinase capture following anti-IgM-stimulation, whereas others showed strong increases in capture of a relatively large proportion of the detected kinome. Visual examination recognized how each patient demonstrated a unique fingerprint, thus suggesting each patient generated a unique signaling response across the wider kinome in response to sIgM activation. Initially these fingerprints were stratified accordingly based on signaling and prognostic indicators (IGHV mutation status, Ca 2+ flux, sIgM expression, Binet staging and karyotype), which indicated little correlation (Figure 2A) . However, deeper analysis of patient characteristics indicated that induced kinobead fingerprints appeared to correlate most strongly with treatment status in that patients who had previously received CIT (previously treated/PT) exhibited greater changes in kinase capture compared to treatment naïve (TN) patients (Figure 2B) . Comparison of this fingerprint at basal level (+Control F(ab')2) along with their mRNA expression found a highly significant level of correlation (P=<0.0001; Supplementary Figure 2B ). This suggested that difference in kinases between TN and PT patients was solely the result of sIgM engagement. To determine if alterations of the kinome resulted from changes in phosphatase activity, we examined the expression of key examples reported in B-cells, [28] [29] [30] [31] [32] [33] [34] [35] comparing both TN and PT patients. These were unable to recognize differences in phosphatase activity between these patient groups (Supplementary Figure 3) .
Although there is known redundancy for certain kinases and others are known to be utilized by different signal networks, the numbers recognized as part of the wider and core kinome fingerprints suggested potential for multiple pathways being recruited in response to activation of sIgM. To assess this, we focused on the core signature and used STRING analysis to determine which KEGG pathways each kinase was associated with using a strict false discovery rate (FDR) (<0.0001). Based on this, we identified 20 KEGG pathways associated with this kinome fingerprint (Figure 2C) highlighting the shared roles/function kinases. Some of these pathways have been previously associated with CLL cell signaling, most obviously BCR, but also Chemokine, MAPK, mTOR, TLR PI3K and NFkB. Others however, such as FoxO, RAS, cAMP, WNT, and HIPPO have been less focused upon. Based on the data described above, this suggested the potential of a CIT to influence multiple different pathways recruited following sIgM activation. To emphasize this, the core kinome fingerprint was organized to compare the average relative change in kinase binding to Ki-NET beads in TN and PT patients and using a cut-off of <1 fold change (Log2) upon sIgM activation (Figure 2D) , we identified NDR1 (STK38), PKN1, CAM2KG, PHKG2, JNK1 (MAPK8), HCK, FYN, JAK1 and CSK as kinases with the greatest relative change in response to sIgM activation. Based on our analysis, these kinases are accumulatively involved in 13 KEGG pathways.
Detection of intra-patient kinome signaling heterogeneity influenced by therapy.
Chemoimmunotherapy
To further investigate the role of therapy on sIgM-induced signaling, we next performed matched sampled analysis. In the first instance, this involved patients (n=10) who had been recruited to the ARCTIC/AdMIRe clinical trials. Samples taken from these patients at disease progression (DP) and thus following receipt of FCRbased treatment, had been used as part of the original patient cohort. To investigate changes in these patients, kinobead-MS was carried out on the baseline (BL) samples for these patients and subsequently compared to the DP fingerprints (Figure 3) . In terms of the BL samples, heterogeneity of responses was again evident meaning prominent intra-patient variability kinome signaling responses in addition to the inter-patient variability of recognized in the main cohort. This implied that sIgM signaling responses were unique not just in terms of patients but also related to time and consequence of treatment. Intriguingly, it was possible to segregate these 10 patients based on their DP kinome fingerprints to determine 2 main responses ( Figure 3A) . These were 'Low Response/LR' patients which largely demonstrated reduced binding to Ki-NET beads across the entire fingerprint (Average= -0.34; Log2 fold change) and 'High Response/HR' which demonstrated increased kinase binding. For HR patients, there a 1.4-fold change (Log2) across the whole fingerprint and 12 (33%) where relative binding was greater than 1, as according to our previous cut off (Figure 3B) . From our STRING analysis, we found 17 of the kinases within our core fingerprint have been shown to interact with each other with experiment evidence. We therefore used this to create a signaling atlas of these 17 kinases to illustrate kinome activation change between LR and HR patients (Figure 3C) .
Ibrutinib
Small molecule agents have become increasingly prevalent as therapy options for CLL, the most evident example of this being ibrutinib. We next sought to investigate if the findings for CIT could be repeated the actions of this agent, for which we examined samples donated by patients recruited to the IcICLLe clinical trial. As with the ARCTIC/AdMIRe patients, a selection of these (n=8) had undergone profiling as part of the original cohort. Longitudinal profiling was carried out on 4 of these, comparing their BL, pre-ibrutinib sample, to those taken 1-and 6 months following initiation of ibrutinib (Figure 4) . While core fingerprints for these patients had demonstrated considerable heterogeneity at baseline, our data found that 1 month following initiation of ibrutinib therapy, there was a marked increased kinase binding in 3/4 patients (Figure 4A) . All patients showed a loss of binding of BTK, illustrating how the in vivo action of ibrutinib and occupation of its active site resulted in a filaiure to interact with Ki-NET beads. Moreover, there was an inability to isolate BLK, which shows significant homology to BTK, which was in agreement with experiments performed using MEC-1 cells. Kinobead-MS was able to demonstrate continued inhibition of BTK in samples taken 6 months following initiation of ibrutinib loss of Ki-NET isolation. Interestingly, 2 of the 3 patients who had shown increased signaling at 1 month appeared to experience resolution, while the remaining patient appeared to show increased kinomic signaling (Figure 4A) . In a similar manner to our CIT trial comparison, it was possible to determine the biggest average changes in kinase binding over the 3 timepoints (Figure 4B) , which allowed the assembly of an ibrutinib kinome signaling atlas comparing averaged responses at each timepoint (Figure 4C ).
Cell from PT CLL patients show increased proliferative capacity
Up to this point, our data had illustrated the ability of sIgM activation to involve multiple signaling pathways and how this could be influenced by therapy. The possible consequence of this adaptation is that behavior of tumour B-cells could be altered by therapy. To that end, we finally sought to determine if kinobead-MS could be employed to identify nodes associated with critical aspects of malignant biology (Figure 5) . To do this, we employed a biostatisical approach to refine the core fingerprint derived from our original patient cohort, which identified 14 kinases for further analysis. Interestingly, STRING analysis found that 10 of these (71%) have been shown to interact with one another with experimental evidence (Figure 5A ), suggesting the presence of a signaling nexus associated with treatment in primary CLL cells. Interquartile range (IQR) comparison identified 4 of these (SYK, FAK2, GAK and RSK2 as demonstrating significant differences between TN and PT patients (Figure 5B) . SYK is a recognized driver of proliferation in CLL, 36, 37 while the other kinases have described roles in other tumour, [38] [39] [40] [41] however not in the setting of CLL.
Thus, we sought to examine if PT patients demonstrated increased proliferation following BCR stimulation.
To do this, we used CFSE proliferation assays to examine CLL cell proliferative response 7 days following stimulation with CpG-ODN (Figure 5C ). This found that cells from PT patient were able to undergo markedly increased levels of proliferation in response to CpG treatment compared to TN patients (Figure 5C) , appearing to confirm our hypothesis. underwent noticeably more rounds of replication compared to TN.
DISCUSSION
In the current study we employed a kinobead-based approach to illustrate the impact of therapy on sIgM signaling within CLL cells. This impact was observed in cells from patients who had received traditional CIT as well as in cells from patients following treatment with ibrutinib. In the former, prior CIT treatment was associated with increased ability of kinobeads to capture kinases in IgM-stimulated cells. In the latter, we observed that ibrutinib treatment inhibited the ability of the kinobeads to capture BTK regardless of whether the cells were incubated with control Ig or with anti-IgM. However, with the latter, our approach was able to recognize increased signaling in The most common method for investigating signaling in CLL involves the use of antibodies to screen restricted numbers of kinases and phosphoprotein targets using immunoblotting or flow cytometry. While informative, these methods lack the resolution required to observe widespread changes to signaling mediators within cells in response to various conditions. Alternatively, MS is an emerging technology, in terms of CLL, used so far to investigate malignant biology and severity. [42] [43] [44] Although this has provided a global view of protein expression in CLL cells, it has not been useful to understand signaling changes, either in response to receptor activation, or following receipt of therapy. In our approach we combined MS with a kinobead-based protocol to examine changes to signaling in CLL cells following sIgM activation. This method reproducibly isolated over 100 kinases from MEC-1 and primary CLL cells as detected by MS, with good coverage of all major kinase subfamilies. Comparison with mRNA expression of the kinome showed that kinobeads isolated approximately a quarter of all kinase proteins potentially expressed in CLL cells, where ability to capture individual kinases for protein identification by MS was not related to mRNA expression levels of that kinase. The reasons why we were unable to detect the full kinome expressed by CLL cells is unclear but could reflect either lack of translation of detected mRNA to protein, absence of kinase active site availability (e.g. through autoinhibition), or to the affinity of the expressed kinases for the kinobeads we used. These latter two possibilities explain why we were only able to isolate and detect one member (RIOK2) of the atypical kinase subfamily by kinobeads. Nevertheless, consistent with studies on other cell types, [12] [13] [14] [15] our results show that kinobeads were able to detect a substantial proportion of the kinome in malignant B-cells.
Kinobeads were originally deployed to probe the selectivity of KI 16 where the strongest changes in capture are due to direct occupancy of kinase active sites. Our data is in agreement with this, and we found that treatment of MEC-1 cells with ibrutinib or dasatinib resulted in reductions of known targets for these agents such as BTK and BLK for ibrutinib, and LYN and FYN for dasatinib. Importantly, ibrutinib covalently modifies BTK at Cys 481 and is therefore irreversibly bound to this protein. When used to analyze drug occupancy in CLL cells from patients receiving ibrutinib therapy, kinobeads demonstrated targeting of BTK. As far as we are aware, this is the first time kinobeads have been used to directly demonstrate target-drug interactions in an in vivo situation. Thus, kinobeads could be used to monitor target occupancy in individual patients to personalize dosing regimens.
In addition to loss of capture of known ibrutinib/dasatinib targets in MEC-1 cells, we also observed both reductions and increases in capture of non-target kinases. Reduced capture of non-target kinases likely reflects signaling pathway cross-talk where direct inhibition of upstream kinases leads to reduced activity of interlinked kinases. For example, we demonstrated by MS that ibrutinib treatment of MEC-1 cells reduced activity of MEK1/2, which can be activated downstream of BTK. 45 We subsequently confirmed this finding by immunoblotting, showing that ibrutinib treatment reduces phosphorylation of the MEK1/2 substrates ERK1/2. Interestingly, we also detected a small number of kinases with increased kinobead capture in ibrutinib/dasatinibtreated cells. Increased capture may reflect relief of inhibition by upstream kinases in drug treated cells, or an indirect adaptive cell response. For example, kinobead analysis of MEK inhibitor (AZD6244)-treated triple negative breast cancer cells demonstrated adaptive activation of receptor tyrosine kinases where additional treatment with the proteasome using bortezomib was required to halt the adaptive reprogramming response. 12 Future studies will focus on the biological significance of this potential rewiring revealed by kinobead analysis of malignant B-cells to determine whether targeted inhibition of these kinases with increased binding may be an effective strategy to increase the therapeutic activity of drugs such as ibrutinib.
We extended our analysis to profile anti-IgM signaling responses in primary CLL. As with MEC-1, it was possible to detect over 100 kinases, although this was not shared across the entire cohort, where it was possible to recognize a more consistent fingerprint of almost 40 kinases. In either instance this, to the best of our knowledge, represents the most comprehensive profiling of signaling mediators in primary CLL cells. It was interesting to note that individual samples varied widely in their response, and that samples from patients, with each member of our cohort demonstrating a unique kinomic signaling response. Signaling heterogeneity is a widely acknowledged phenomenon associated CLL. Generally, this is thought to result from using primary patient material. The unique nature of each patient's response, in addition to the resolution provided by kinobead-MS, revealed a complexity of sIgM signaling that has not yet been appreciated. Moreover, based on the extent of the kinome fingerprint isolated from patients, our data was able to illustrate the range of different signaling pathways recruited following engagement of this receptor. While some of these are recognised as being associated with BCR signaling in CLL, some are less well known. This means there appears to more breadth and complexity of signaling involved and implies that activation of the BCR essentially induces the recruitment of multiple signaling pathways into a network designed to promote a biological endpoint.
The anti-IgM-induced kinome signature did not correlate closely with signaling capacity measured using iCa 2+ flux or sIgM expression which have been used widely in previous studies as a read-out of signaling. In some cases, kinobeads revealed widespread changes in kinase capture. Additionally, we could find little correlation with prognostic factors such as stage or karyotype. Our discovery of a potential link with increased signaling associated with receipt of therapy is intriguing. This was noticeable not only between patients but within individuals receiving CIT or ibrutinib too as was the unique nature of the kinome response. Adaptation to signaling has been highlighted previously, primarily with small molecule agents. 46, 47 However, it has not yet been described for CLL and little has been done to explore the potential influence of CIT on the wider BCR signaling response.
One possible explanation for such a broad effect was reduced phosphatase activity, which could influence a large number of kinases. However, we were unable to identify a clear relationship between expression of a panel of phosphatases/inhibitory receptors and treatment status to support this concept. Many kinases depend on heat shock proteins (HSP) to maintain their active confirmation and treatment with the HSP-90 inhibitors AUY922 and PU-H71 is known to alter HSP expression and influence kinase expression. 48, 49 Future experiments will investigate whether treatment associated changes in heat shock protein expression might provide an alternate explanation for the broad changes in kinase activation observed in some samples in our kinobead analysis.
Treatment with KI is becoming ever more prevalent to target cancer. This is especially evident with ibrutinib, which has proven to be a highly effective agent for the treatment of B-cell tumors including CLL. Although resistance to this agent has emerged, its overwhelming beneficial impact in terms of survival when compared to CIT 50 means it is likely to become front-line for patients. Our data highlight the ability of patients receiving CIT to experience changes to the kinome response, which has implications for their disease course. In particular, this could influence their response to ibrutinib. As shown by our data involving IcICLLe trial patients, some of whom had relapsed by to recruitment, prior receipt of CIT prior to receiving ibrutinib did not inhibit the in vivo action of the agent. However, we were not able to determine the clinical response of these specific patients had. Future work would involve examining the potential for CIT-induced signaling changes to possibly influence efficacy of ibrutinib. Rewiring of signaling needs to be recognized as a potential major issue to patients. Therefore, it is necessary to design rational therapy combinations, either multiple KI, or inclusion of other treatments in a manner that best suits the patient receiving it. We propose these findings act as basis to drive for personalized medicine or at very least signal-omics approach to investigating effects of therapy in CLL. Each patient (columns) was stratified according to different signaling and prognostic markers. B; Heatmap comparing kinome fingerprints for treatment naïve (TN) patients to previously treated (PT) patients within our cohort. C; Graph derived from STRING analysis of the kinome fingerprint, illustrating the KEGG pathways identified and the number of kinases from the fingerprint that are involved in each pathway. D; Graphs comparing average log2 fold changes for each node within the kinome fingerprint for TN and PT patients. Kinases with change >1 are highlighted with dots representing the different KEGG pathways they are linked to in order significance based upon their false discovery rate (FDR) (most significant to less significant). 
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